Abstract: During the seventies Lake Geneva (Switzerland-France) became eutrophie. Measures to reduce phosphorus inputs into the lake have been successful as the concentration of phosphorus has progressively decreased since 1981. This paper describes the long-term quantitative response of phytoplankton (primary production, total phytoplankton biomass, and chlorophyll-a) with regard to the decline in soluble reactive phosphorus (SRP) concentration.
Introduction
Lake Geneva is a monomictic, deep lake on the French-Swiss border. It is one of the largest lakes in Western Europe (area = 582km2, Zmax = 309m). Lake Geneva has routinely been monitored by the CIPEL since 1957, (CIPEL: International committee for the protection of Lake Geneva). Its total phosphorus concentrations were about 10 JlgPIl prior to 1970. But the total phosphorus concentration increased during the seventies, and the lake was classified as eutrophie based on phosphorus concentration (ANNEVILLE & PELLETIER 1999) . The total phosphorus concentration reached a maximal value of about 90/lgP/I in 1979, largely due to the increased human population in the catchment area, greater use of phosphate-based detergents and inadequate sewage treatment (RAPIN et al. 1989 ). This period of eutrophication produced large summer phytoplankton blooms that had a negative impact on the traditional use of the 1ake (BAL V A Y et al. 1984) . Sewage began to be treated with iron compounds to remove phosphorus in the second half of the seventies and to reduce phosphorus inflow into the lake. These measures were successful and the total phosphorus concentration in the lake started to decrease at the beginning of the 1980s; it reached a value of 38 /lg/l in 1997 (BLANC et al. 1998) .
Long-term measurements of chlorophyll-a and total phytoplankton biomass were used to investigate the quantitative response of phytoplankton to the decrease in the lake phosphorus concentration. Since the physical and chemical properties of the lake, such as its morphology, a1kalinity and silica concentration, varied little compared to the phosphorus concentration, the 10ng-term data presented here provide interesting information about the biological mechanisms of reoligotrophication and allow comparison with other lakes.
We have measured the long-term changes in phytoplankton and compared them to the change in soluble reactive phosphorus (SRP) . The quantitative phytoplankton responses are the annual means of chlorophyll-a (ChIa), total phytoplankton biomass and net primary production (PPr). Since Lake Geneva undergoes the classical annual cycles of phytoplankton abundance, the longterm changes in chlorophyll-a concentrations and total phytoplankton biomass will be considered seasonally.
Materials and methods
Chemical and biological parameters were measured once a month from 1974 to 1980 and twice a month from 1981 to 1997 at a site in the middle of the Upper Basin between Lausanne and Evian (Fig. 1) . As this station is not directly influenced by local human activity, it was considered to be the most suitable sampling station for studying the trophic evolution of Lake Geneva (MONOD 1984) .
Soluble reactive phosphorus (SRP) was measured by acid molybdate (AFNOR 1982) . Samples were taken at the subsurface and at 2.5, 5, 7.5 and 10 meters; depthintegrated means of phosphorus were calculated by averaging the results over the first 10 meters, where the phytoplankton activity is maximal.
Depth-integrated means of chlorophyll-a were calculated over the first 10 meters by averaging samples taken at the subsurface and at l, 2, 3.5, 5, 7.5 and 10 meters. Cells were collected on a Whatman GF/C filter (47 mm) and sonicated. The pigments were extracted with 90 % (v/v) acetone/water and the solution was filtered through a Biomass was determined in water sampled in the 10 first meters with a Pelletier integrating apparatus (INRA patent, 1978) . This device was immersed in the lake, where water entered into a sampling tube as the depth increased; the water sampling was govemed by the compression of the air in a bell-shaped reservoir, according to Mariotte's law. Phytoplankton were counted by the UTERMOHL (1958) technique and LOHMANN'S (1908) method was used to estimate the volumes of each species (for details see REV A-CLIER 1979). Biomass was then estimated by adding the biovolumes of each species (cell volume x cell number). Plankton organisms less than 50llm long and 1O,0001lm3 were classified as nanoplankton and the rest as microplankton.
Primary production was assessed by the incorporation of inorganic 14C (STEEMANN-NIELSEN 1952) at nine depths from the surface to 20 meters. 14C-enriched sampIes were incubated in-situ in the middle of the day for a period equivalent to a third of the day length. The samples were filtered (0.8Ilm Millipore cellulose acetate filters), and the 14C assimilated was determined by liquid scintillation counting (Packard TRICARB 4430). As the available inorganic carbon concentration of the samples was known, the carbon uptake was calculated using the Steemann-Nielsen equation. The carbon uptake was then transformed to daily gross primary production. The net production was considered to be 60 % of the gross production (PELLETIER 1983) .
The data analysed included both annual and seasonal mean values. Seasonal means were calculated to study the long-term trends in the phytoplankton communities at each season. The beginning dates of the seasons were defined each year according to the phosphorus concentration and phytoplankton development. (i) The winter phytoplankton community was defined as the phytoplankton commu nit y that occurred from December to the start of phytoplankton growth. (ii) The spring phytoplankton community followed the winter community until the clear-water phase.
(iii) The summer phytoplankton community was considered to take place after the clear-water phase until the start of replenishment of nutrients within the euphotic zone. (iv) The autumn phytoplankton community occurred from the end of summer to No vember.
Results
Soluble reactive phosphorus (Fig. 2)
The annual mean of total phosphorus integrated over the entire water column (Ptot) increased in the 1970s, then remained stable and started to decrease at the beginning of the 1980s (Fig. 2) . The annual mean total phosphorus integrated over the entire water column appeared to be useful for evaluating the changes in phosphorus loading. However, it is not representative of the phosphorus available for phytoplankon growth because of the great depth of Lake Geneva. The change in the phosphorus concentration in the upper layer is directly linked to the phytoplankton activity. The dissolved phosphorus determined the quantity of phytoplankton and, in the short term, it was the residue left in the water after consumption by organisms. The annual mean concentrations of dissolved phosphorus were, therefore, dynamically linked with the phytoplankton and they are often used to de scribe the trophic evolution of lakes. The annual mean soluble reactive phosphorus concentration (SRP) in the first 10 meters of Lake Geneva showed a similar trend to that of total phosphorus integrated over the entire column. The annual mean SRP concentration increased and reached a maximum in 1980 (38 IlgPn); they then decreased and are now about 10 IlgP/l.
The late winter SRP in the upper layer (O-lOm) is of great importance because it is the stock available for subsequent phytoplankton growth. Its longterm evolution should, therefore, parallel the changes in chlorophyll-a and bio Pelletier mass. Because there had been no complete mixing for about ten years, the win ter mixings that occurred in 1980 and 1981led to great nutrient enrichment of the upper layer. As a consequence, the late win ter SRP concentrations in the first 10 meters increased and were maximal in 1981 (75.8 ~gPIl), whereas the total phosphorus concentration had already started to decrease. The late win ter SRP concentration declined by about 50% between 1981 and 1991 and remained nearly constant thereafter.
The SRP concentrations showed great seasonal variations. It was maximal during winter (60-66 ~gP/l between 1979 and 1981; around 20 ~gP/l between 1993 and 1996) because of low phosphorus uptake by phytoplankton and mixing, and low in summer: about 10 ~gP/l before 1980 and below 3 ~gP/l in 1997 (Fig. 3) . The lowering of the thermocline and the increased mixing usually caused the SRP concentrations to increase in autuffill.
Longer periods of SRP depletion occurred in later years, as a consequence of the decrease in late win ter SRP. According to SAS (1989) , most species in a natural environment may be limited by phosphorus as the SRP concentration becomes less than 10 ~gP/l, and a severe reduction in algal growth may occur if SRP concentrations fall below 3 ~gP/l (SUTTLE et al. 1988 , GROVER 1989 . According to these definitions, phosphorus limitation occurred in Lake Geneva in the summer untill986. The period of phosphorus limitation has started earlier, during late spring, in recent years and persisted longer, until early autumn.
Long-term response of phytoplankton
Annual trends (Fig. 4) The phosphorus-chiorophyll-a relationship (Chla-P) is a useful concept in Lake Ecology. It has been calculated from studies on lakes and enclosures and has led to the development of many models that are used for lake management (VOLLENWEIDER 1968 , DILLON & RIGLER 1974 . These models are based on the concept that phytoplankton growth is limited by phosphorus and that, for a given concentration, the capacity of a lake to produce algae depends on the morphology of the lake (BARROIN 1999) . The trophic indices used in these models are useful for determining the trophic state of a lake. The most popular classification is that of the OECD, which classifies lakes on the basis of their annual mean phosphorus and chiorophyll-a contents, and their transparency (OECD 1982) . Thus a decrease in phosphorus concentration should reduce chiorophyll-a and result in a lower trophic state. But the long-term trends for the algal parameters in Lake Geneva did not support this.
-The annual mean chiorophyll-a concentrations fluctuated without any sig nificant trend. The annual means in the 1980s were not lower than those during the period of maximal eutrophication. The decrease in annual mean biomass was mainly due to a drop in microplankton, as the nanoplankton biomass remained high. The increasing microplankton biomass since 1990 has led to a reverse trend, with increasing total biomass. -The annual mean net primary production was significantly correlated with the annual mean nanoplankton biomass (r = 0.55, P = 0.05), but there was Pelletier no significant correlation between the annual mean net primary production and the annual mean total biomass (r = -0.16, P = 0.05). Net primary pro duction increased irregularly until199l, and has since decreased.
Seasonal trends
The phytoplankton dynamics appeared to show a seasonal pattern. Maximum biomass and chlorophyll-a concentrations occurred in spring and summer. Spring peaks occurred in May prior to 1987, but a non-parametric Mann-Whitney test (p = 0.05) states that chlorophyll-a and biomass maxima have generally appeared earlier (April) since 1987, and they may remain high until May (Fig. 5) . The spring and summer periods of development were separated by a short period with low chlorophyll-a concentrations, biomass and primary production: the c1ear water phase, generally in June. (i) The winter means of chlorophyll-a concentrations and biomass were very low in Lake Geneva, despite a high SRP concentration. (ii) The spring algal community was dominated by nanoplankton (Fig. 6) . The total biomass varied from one year to the next, but the overall trend was upward.
Chlorophyll-a concentrations increased until 1987 and then tended to drop, but the concentrations remained higher than during the previous years with high phosphorus concentrations. (iii) The contribution of nanoplankton to the total biomass in summer was low and varied from year to year (Fig. 6 ). The polynomial regression of the relative contribution of the nanoplankton showed an irregular upward trend (r2 = 0.5) from 1977 to 1991. The nanoplankton biomass increased from 1976 to 1991, whi1e the microplankton biomass decreased. A new trend appeared in 1992, the nanop1ankton biomass decreased and the microp1ankton biomass increased, although the late winter SRP concentration remained low. Despite such irregu1arities, the changes in the ch1orophyll-a concentrations and biomass may be divided ioto three periods. The chlorophyll-a concentrations and total biomass increased during the eutrophication period and tended to decrease during the second period from 1981 to 1991. These parameters were well corre1ated with the decrease in late win ter SRP concentration (the ch1orophyll-a concentration: r = 0.76, P = 0.05; total biomass: r = 0.89, p = 0.05). Finally, the renewed increase in microplankton biomass in 1992 caused increases in chlorophyll-a concentration and total biomass. (iv) The autumn a1ga1 population was essentially microp1ankton. The mean chlorophyll-a concentrations and total biomass changed much like the summer values. However, the autumn means of chlorophyll-a concentrations and total biomass had more irregu1ar fluctuations and a more delayed decrease, since they started to decrease in the midd1e of the 1980s and continued until 1991. ln spite of the low SRP concentration, the autumn mean chlorophyll-a concentrations and total biomass started to increase in 1992. The total biomass was surprisingly high in 1996 and 1997, due to the increase in microplankton. These long-term seasonal trends caused a great change in the period of the annual algal maximum in Lake Geneva. The summer mean chlorophyll-a concentrations were significantly greater than the spring values during the 1970s and the first half of the 1980s (Fig. 7) . There was also a shift in the annual ch1orophyll maximum from summer to spring (p = 0.05, non-parametric MannWhitney test) that paralleled oligotrophication. Although there was a significant increase in spring biomass (p = 0.05), this trend was 1ess evident with the phytoplankton biomass. The data indicate that the spring a1ga1 biomass was as great as the summer algal biomass, except in the last three years when a high peak appeared in late summer and autumn. This discrepancy between chlorophyll-a and biomass trends was due to a shift in the phytoplankton composition during spring. Because of the appearance and the increase in a1gae with a low biomass but high chlorophyll-a, this trend was more obvious for the ch1orophyll-a concentrations than for the biomass.
Discussion
Eutrophication has been extensively studied in order to manage prob1ems caused by increased algal growth in lakes. A quantitative approach has been used because the problem is high phytoplankton biomass. Most of these inves tigations were carried out to determine the factors responsible for algal proliferation. They measured aggregate variables such as primary production, algal biomass, and chlorophyll-a concentration. Many investigations have demonstrated that phosphorus is often the limiting nutrient in lakes and explains a large part of phytoplankton variations (SCHINDLER 1977 , HECKY & KILHAM 1988 ). An increase in phosphorus concentration causes an increase in the quantity of phytoplankton. The relationship between P loading and chi orophyll-a concentration (VOLLENWEIDER 1968 , 1975 , 1976 , DILLON & RIGLER Pelletier 1974 , LEE & JONES 1978 was used to classify lakes as oligotrophic or eutrophie, depending on the phosphorus concentration or phytoplankton parameters (OECD 1982) .
A decrease in phosphorus is thus expected to result in a decrease in phytoplankton biomass. There are many examples (Lake Washington, Mondsee) where phytoplankton biomass responded immediately to reduced nutrients (EDMONDSON & LEHMAN 1981 , DOKULIL 1993 . POLLI & SIMONA (1992) showed that annual primary productivity in Lake Lugano decreased within 10 years of re-oligotrophication. But little is known about how phytoplankton respond to re-oligotrophication.
There are also many examples in which the phosphorus-phytoplankton relationship is not easily detectable. Several studies have shown that algal biomass, measured as chlorophyll-a or algal volume, vâries nonlinearly with phosphorus. It has been suggested that it reflects nonuniform growth and loss rates of one or more components of the total phytoplankton community (MCCAULLEY et al. 1989 , WATSON et al. 1992 . Studies on the re-oligotrophication of lakes suggest that the mesotrophic stage may not necessarily be distinguished from the eutrophie stage on the basis of annual production or mean phytoplankton biomass (GAMME TER & ZIMMERMANN 1998). Neither the annual mean values of chlorophyll-a concentration nor annual phytoplankton productivity have shown a consistent decline in Lake Constance, in spite of the decrease in phosphorus loading. There was a significant decline in chlorophyll concentration only in summer. The chlorophyll-a concentration decreased by at least 50 %, whereas the summer depth-integrated photosynthetic rates decreased by only 30 % because of reduced self-shading within the water column. It was suggested that grazing by zooplankton, sedimentation and changes in self-shading contributed considerably to the dampened annual response of phytoplankton (TILZER et al. 1991 , HASE et al. 1998 . Investigations on the first few years of re-oligotrophication in Lago Maggiore indicated that there was a resilience in the biotic response to decreased phosphorus (DE BERNARDI et al. 1988) . The decline in total phosphorus was not paralleled by a comparable trend in chlorophyll-a concentration and the phytoplankton biomass remained quite stable for many years in spite of the reduction in phosphorus. The decline in average chlorophyll-a concentrations started in 19861988, as the maximum annual total phosphorus concentrations were falling to around 15/lg/l. Major biologie al changes have appeared since then. The total biovolume has decreased, but the significant decline occurred only in summer (MANCA et al. 1992 , RUGGIU 1993 , RUGGIU et al. 1998 . The fluctuation in nutrient concentration has traditionally been viewed as the major structuring factor in lake ecosystem. An opposing view stated that biomass and productivity of a certain trophic level may be regulated by grazing from the level above (BENNDORF et al. 1984 , SHAPIRO & WRIGHT 1984 . Both forces (top-down and bottom-up) have been considered to be important for the food chain during recent years, so that the phytoplankton response to a decrease in phosphorus concentration depends on the trop hic structure (MCQUEEN et al. 1986) .
Total phosphorus has been a very poor indicator of maximum phytoplankton biomass during the re-oligotrophication of Lake Geneva. It has been c1aimed that the return from eutrophication was likely to involve hysteresis (GAWLER et al. 1988) . It appeared that the damped responses of annual chI orophyll-a and total biomass were the cumulative results of compensating changes occurring in each season. Because the Chla/biomass ratio can vary greatly from one group to another, the chlorophyll-a and biomass trends show little discrepancy. Chlorophyll concentrations are maximum during summer and quite high in spring because of the presence of chlorophyll-rich species. As a consequence, the annual changes in chlorophyll-a concentration were mainly due to the changes in spring and summer values. ln contrast, the annual total biomass is mainly determined by summer and autumn values because of the dominance of species with high biomass. Annual means are useful for outlining the global trend of the system, but a seasonal study appears to be more suitable for understanding phytoplankton evolution. (i) Winter: the phytoplankton activity remains low and does not influence an nual means. The phytoplankton is not limited by phosphorus, as the SRP concentrations are high. Low irradiance and mixing are the main controlling factors in Lake Geneva, as in other lakes (REYNOLDS 1984 , SOMMER et al. 1986 ). (ii) Spring: despite the late-winter decrease in SRP-concentration, the spring mean chlorophyll-a and biomass values increase and become higher than the summer values during re-oligotrophication. The early spring SRPconcentration is high enough to allow a strong development of phytoplankton. The factors controlling the start of phytoplankton growth and the intensity of the spring peak are not nutrients but external factors such as hydrological events and the stability of the water column. The influence of zooplankton on the intensity of the phytoplankton peak has not been studied, but the zooplankton appear to be a driving factor in Lake Geneva, as it is responsible for the dec1ine in phytoplankton and the appearance of the c1ear water phase (GA WLER et al. 1986) . As the intensity of the spring algal blooms increased over the studied period, the increasing SRP uptake led to P depletion in the upper meters. The trend in SRP concentration in spring was thus controlled by both the late-winter decrease in SRP-concentration and the uptake by phytoplankton. As a consequence, P-limitation has not been restricted to the summer period but has extended to late spring since 1987 (Fig. 3) . (iii) Summer: SRP concentration was always less than 10 f.lg/l. As a result, the maximum responses to the re-oligotrophication process occurred during
Pelletier this season when phosphorus may act as a limiting factor (SUTTLE et al. 1988 , GROVER 1989 , SAS 1989 . The decrease in rnicroplankton biomass in the first decade of re-oligotrophication led to a decrease in phytoplankton. Summer chlorophyll-a and summer biomass showed a consistent downward trend that was significantly correlated with late winter SRP concentration. However, there has been a great increase in chlorophyll-a and total biomass in recent years, due to the increase in rnicroplankton biomass. These trends do not support the theoretical ChIa -P relationship and highlight the problem of understanding re-oligotrophication. The increase in these phytoplankton parameters was partly due to the increase in Dinobryon and the early strong development of a filamentous algae not edible by zooplankton (Mougeotia gracillima). Dinobryon has also appeared during the re-oligotrophication of Lake Constance. It has been argued that its mixotrophic properties are an advantage when nutrients are lirnited (GAEDKE 1998 , KÜMMERLIN 1998 . The accumulation of Mougeofia gracillima explains the observed high total biomass ). This species started to colonise the lake in the 1960s when phosphorus concentrations were about the same as now and Mougeotia gracillima declined during the maximum phosphorus concentrations. Like Dinobryon, Mougeotia gracillima may be more competitive for the present nutrient concentration. But it is impossible to say if its recent proliferation is linked to a drop in phosphorus or if it was caused by other factors, such as meteorological events, the observed water temperature increase, or the decrease in herbivorous biomass (BAL v A y 1997) . Such results indicate that the present phosphorus concentrations are still high enough to allow the development of algae. Their morphological characteristics, which reduce the loss by predation, allow these algae to accumulate and produce a high biomass. However, species characteristic of oligotrophic water have reappeared and increased since 1986 (ANNEVILLE et al., in press). These species contribute little to the total biomass, but their increase is in accordance with the hypothesis of a trophic gradient (REYNOLDS 1984) , with a decrease in phosphorus concentration resulting in a quantitative decrease in phytoplankton and a qualitative change in the phytoplankton community. (iv) Autumn; there is a poor relationship between the studied phytoplankton parameters and SRP concentrations when the lowering of the thermocline allows the enrichment of the euphotic zone. Very high biomass values due to the development of the non-edible conjugate Mougeotia gracillima and the xanthophyte Tribonema ambiguum have been observed in recent years (RE V ACLIER et al. 1998 ). This increase may be due to good meteorological conditions and warmer water temperatures. Thus phosphorus does not appear to be the only limiting factor for phytoplankton biomass. However, the decrease in phosphorus concentrations has a more obvious effect on the change in the dominant species and species composition than on total biomass ).
Conclusions
The reduction in phytoplankton biomass is a key objective in lake restoration. This study has shown that the quantitative response of the phytoplankton is not always obviously correlated with phosphorus reduction. This may be viewed as a hysteresis process. However, summer appears to be the most appropriate period in which to examine the consequences of the decrease in phosphorus concentration on quantitative phytoplankton parameters. An interesting feature is the shift of the maximum chlorophyll-a concentration from summer to spring, which seems to indicate the beginning of re-oligotrophication (GAEDKE & SCHWEIZER 1993 , SOMMER et al. 1986 ). However, the unexpected high summer and autumn phytoplankton development in recent years may raise several questions about the impact of meteorological events and the importance of top-down effects on reoligotrophication. This study illustrates that the non-linear changes in chlorophylla or biomass with phosphorus concentration are caused by changes in the phytoplankton composition, with the appearance of species with different properties, such as mixotrophy, and different growth and loss rates. The present work provides evidence that the response of chlorophyll-a and total biomass to a change in phosphorus concentration depends on the composition of the phytoplankton community and may be strongly influenced by the differences in loss rates among the populations. It seems that the qualitative aspects are more sensitive than the quantitative ones to changes in phosphorus concentrations as the number and the biomass of species which are considered to be characteristic of oligotrophic waters have increased in Lake Geneva (ANNEVILLE et al., in press) . But it is difficult to say that there is a switch to more phosphorus efficient species that would allow equal production of phytoplankton biomass, as little is known about the ecological needs of the algae. If it is the case, we may question the meaning of quantitative parameters and their effectiveness for studying phytoplankton dynamics. Morphological and functional properties of algae may be useful for understanding the fluctuations observed in chlorophyll-a and total biomass. It might be more instructive to focus on the structure of phytoplankton communities, referring to their properties, in the future. This may allow a better understanding of the full response of the algal populations.
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